The vacuum UV photoabsorption spectrum of 1,1-C 2 H 2 F 2 has been examined in detail between 6 eV and 25 eV photon energy by using synchrotron radiation. The broad band observed at 7.52 eV includes the π → π* and the 2b 1 → 3s Rydberg transitions. An analysis is proposed and applied to the fine structure belonging to these transitions. For the π(2b 1 ) → π* transition, one long vibrational progression is observed with ω 2 = 1475 ± 80cm 1 combined with one quantum of vibration of ω 4 = 976 ± 24cm 1 and its adiabatic excitation energy is determined at 6.742 eV. The 2b 1 → 3s Rydberg transition is characterized by a single progression with ω 2 = 1532 ± 80cm 1 starting at 6.957 eV. These vibrations are ascribed to the C=C and C-F stretching motions respectively. The abundant structure observed between 8.2 eV and 11.2 eV has been analyzed in terms of vibronic transitions to ns (δ = 0.98) and two different np (δ = 0.50 and 0.31) and nd (δ = 0.13 and 0.044) Rydberg series all converging to the 1,1-C 2 H 2 F 2 + (X 2 B 1 ) ionic ground state. An analysis of the associated vibrational structure of the individual Rydberg states has been attempted providing average values of the wavenumbers ω 2 = 1549 ± 16 cm 1 , ω 4 = 839 ± 40 cm 1 and ω 5 = 589 ± 16 cm 1 . Eight other Rydberg states were also analyzed. The vacuum UV spectrum of 1,1-C 2 H 2 F 2 has been recorded for the first time above 11.2 eV and up to 25 eV. Several broad and strong bands are tentatively assigned to transitions to Rydberg states which are members of Rydberg series converging to excited ionic states of 1,1-C 2 H 2 F 2 . For several of these Rydberg states vibrational structures are observed and assignments are proposed.
Introduction
The energetic and structural characterization of the neutral as well as the ionic ground and excited states of ethylene and its halogenated derivatives are of considerable interest for understanding the photochemistry of this extremely important class of compounds involved in many fields of pure and applied chemistry. Furthermore, another and more fundamental motivation of such a work is the systematic investigation of the influence of the position and nature of the substituent on the ionization and dissociation dynamics of the molecular ions. The systematic study of ethylene and of several of its halogen substituted derivatives has been initiated or is in progress using vacuum UV photoabsorption and photoelectron spectroscopies [1] [2] [3] .
The vacuum UV photoabsorption spectroscopic data reported on 1,1-C 2 H 2 F 2 are very scarce in the literature. To the best of our knowledge, the earliest vacuum UV photoabsorption work on the 1,1-C 2 H 2 F 2 molecule has been reported by Bélanger and Sandorfy [4] together with five other fluorine substituted ethylenes. This study was restricted to the 50,000-87,100 cm -1 (6.2-10.8 eV) spectral region. A classification of the transitions and a vibrational analysis has been proposed.
Dauber and Brith [5] investigated the electronic spectrum of halogen derivatives of ethylene in the vacuum UV region of 150-250 nm (8.26-4 .96 eV) in the gas, solid phase and Kr matrix. The existence of π → π*, π → σ* and Rydberg transitions were discussed. However, these authors put the emphasis of their discussion on the chlorine derivatives.
The ionization and dissociative photoionization dynamics of 1,1-C 2 H 2 F 2 have already been investigated in this laboratory by photoelectron spectroscopies (PES) [3] , threshold photoelectron-photoion coincidence spectroscopy (TPEPICO) [11] and photoionization mass spectrometric ion translational energy analysis by the maximum entropy method (MEM) [12] .
To complete the work on this molecular system, the aim of this paper is to report the vacuum UV photoabsorption spectrum of 1,1-C 2 H 2 F 2 (i) for the first time in the 10.5-25 eV photon energy range at medium resolution and (ii) in the 6.0-11.2 eV spectral region at higher resolution. The vibrational structure observed in both regions will be analyzed in detail.
Experimental

Experimental setup
The experimental setup used in this work has already been described in detail elsewhere [13] . Only the most salient features will be reported here.
Synchrotron radiation available from the BESSY I facility (Berlin, Germany) was dispersed with a modified vacuum UV normal incidence 225 McPherson monochromator with a focal length of 1.5 m, instead of 1 m in the commercial version (1m-NIM-2 beam line). A laminar Zeiss grating is used for the efficient reduction of the 2nd spectral order. It is gold coated with 1200 lines mm -1 and its transmission breaks down above 26 eV (210,000 cm -1 or 48 nm). The width of the entrance and exit slits of 100 µm ensures a 0.1 nm wavelength resolution corresponding to a resolving power of about 1200 at 10 eV. This monochromator has been used for the recording of low-resolution absolute photoabsorption spectra in the 5-25 eV photon energy range. Its grating is most well suited for recording spectra above the 16 eV photon energy range.
The 3m-NIM-2 beam line at the BESSY II facility (Berlin, Germany) has been described by Reichardt et al. [14] . This 3m-NIM monochromator is positioned at a bending magnet frontend. It is equipped with two spherical gratings, i.e., an Al/MgF 2 -grating of 600 lines mm -1 and a Pt-grating of 2400 lines mm -1 . The entrance and exit slits were adjusted between 10 µm and 40 µm leading to a resolving power of about 25,000 to 13,000 at 10 eV (124 nm) photon energy. This monochromator was used for recording high resolution spectra in the low photon energy range between 6 eV and 16 eV. Most of the spectra discussed in the present work were measured with 40 µm entrance and 10 µm exit slits and using the 600 l/mm Al/MgF 2 -grating.
In all above described setups, the light has to pass through a 1 mm thick stainless steel microchannel plate at the exit slit of the monochromator in order to maintain a differential pressure of 1:1000 before entering a 30 cm long stainless steel absorption cell. The vapor pressure in the cell is measured by a Balzers capacitor manometer. The light is detected by a sodium salicylate sensitized photomultiplier located at the end of the absorption cell in front of the absorption cell entrance slit. Output pulses are recorded by a 100 MHz counter. The recording of an absorption spectrum requires one scan with gas in the absorption cell and one with the evacuated cell. The stability of the synchrotron radiation and of the pressure in the cell ensured reliable absorption data. If necessary, the spectra presented in the following sections are corrected for any pressure drift.
We recently reported on the threshold photoelectron spectroscopy of 1,1-C 2 H 2 F 2 [3] using a second 3m-NIM monochromator equipped with a Pt grating of 2400 lines mm -1 . The threshold photoelectron current had to be normalized to the monochromator transmission function. For this purpose the photoelectron current generated by a gold diode located in front of the exit slit is measured. This latter signal can be normalized to the diode current measured with the evacuated ionization chamber. As a result, a log 10 [I 0 /I]-curve as a function of the photon energy, that is, a non-calibrated photoabsorption spectrum recorded with a non-calibrated detector is obtained. These kinds of experiments have been described earlier [2] and will be referred to in Section 3. In this curve, below 12 eV, the diode signal has to be assigned to the photoionization of Au. The photoelectron spectrum of gas phase Au shows, above the threshold at 9.22 eV, doublets at 11.1-11.4 eV and at 12.6-12.9 eV corresponding to the 3 D and 1 D states of Au + [15] . In the solid state, the latter is likely hidden in the broad band at 12.14 eV corresponding to an absorption band of C 2 H 2 F 2 and the former gives a broadened band near 11.19 eV. No signal due to Au has been reported above 13 eV.
The sample pressure has been maintained at 35-38 µbar to avoid saturation. The commercially available 1,1-C 2 H 2 F 2 , purchased from Fluochem Ltd. and of 99.5% purity, was used without further purification.
Data handling and error estimation
As will be mentioned in the next sections, weak sharp peaks and diffuse structures are often superimposed on a strong continuum. To make the characterization of these features easier, a continuum subtraction procedure has been applied. This method has already been used successfully in previous spectral analyses [16] . For this purpose, the experimental curve is strongly smoothed to simulate the underlying continuum which is then subtracted from the original photoabsorption spectrum. The smoothing procedure consists in filtering the experimental curve by fast Fourier transform (FFT). The weak features emerge from a remaining strongly attenuated background. The resulting diagram will be called ∆-plot in the forthcoming sections. To verify that no weak structure has been removed by this operation, the same procedure is applied to the subtracted continuum. The result is a signal oscillating about zero with amplitudes of about two orders of magnitude or even lower than the signal resulting from the first operation. This has been demonstrated by Marmet [17] and Carbonneau [18] .
The wavelength calibration of the 1.5m-NIM monochromator has been performed by using the Ar absorption spectrum between the 2 P 3/2 and the 2 P 1/2 ionic states. The accuracy of this calibration is better than 2 meV. In the measurements between 10 eV and 25 eV photon energy, the photoabsorption spectrum has been recorded with an energy interval of about 4 meV. The error on the energy position of a feature is estimated to be 6 meV. In the photoabsorption spectra between 5 eV and 11 eV, an energy increment of 1 meV has been adopted. The error on the energy position of a feature is estimated to be of the order of 3 meV. This evaluation is confirmed by the reproducibility of energy positions measured in different spectra recorded over several years.
Experimental results
The vacuum UV photoabsorption spectrum (PAS) of 1,1-C 2 H 2 F 2 as measured between 5 eV and 25 eV photon energy is shown in Fig. 1 . The good control of the experimental parameters allows us to display the spectrum in terms of the molecular extinction coefficient ε hv as a function of the photon energy (eV). For comparison above 10 eV, the gold diode signal (see discussion in Section 2.1) as normalized to the 13 eV extinction coefficient and measured with the 3 m-NIM monochromator at the BESSY I facility is also displayed. As clearly observed in this figure the transmission of the gold plated grating rapidly decreases above 22 eV giving rise to a rapid degradation of the signal-to-noise ratio. For clarity in the following discussion and as represented in Fig. 1 the PAS will be divided into three parts.
(a) The low-energy part extending between 6 eV and 8.2 eV corresponds to a single broad structured peak and it is reproduced in Fig. 2(a) . The energy increment is of 1 meV. Vertical bars locate the structures and their energy positions are gathered in Table 1 . Fig. 2(b) shows the result of the treatment of the peak by the subtraction method (see Section 2.2). For discussion purposes, the shifted HeI photoelectron spectrum (PES) of the first photoelectron band of 1,1-C 2 H 2 F 2 [3] is superimposed on this ∆-plot.
(b) The crowded PAS region between 8.2 eV and 11.2 eV consists of numerous sharp and strong to very weak peaks. This part of the PAS is represented in Fig. 3(a) -(c) on an expanded photon energy scale and the energy increment is 1 meV. The photoabsorption spectrum in this energy range is represented in terms of the extinction coefficient: owing to the intensity and sharpness of the features, the subtraction procedure was not really necessary here and has therefore not been applied. Vertical bars indicate the energy position of the observed features and these are gathered into different groups corresponding to vibrational progressions as listed in Table  2 . The Rydberg series analysis of this energy region is shown in Table 3 . To avoid overcrowding the Rydberg series have not been represented in Fig. 3. (c) A wide photon energy region extending between 11 eV and 25 eV consists mainly of several broad and structureless bands and a few vibrational structures. A part of this area, recorded with 2 meV increments, is reproduced in Fig. 4 (a) . In Table 4 we list the energy position of the structures observed in this energy range. Fig. 4(b) shows the ∆-plot resulting from the subtraction method applied to this region of the PAS. A tentative simulated spectrum has been superimposed to this plot. Owing to the weakness and the diffuseness of the structures observed in the photon energy range of 12-14 eV, this spectral region has been recorded several times over several years under various experimental conditions. The energy positions and the relative intensities are very reproducible. Obviously, the energy position of these structures is easier to measure in such a diagram. [3] . In the TPES measured between 10 eV and 30 eV two maxima are observed at energies above the 21.22 eV limit [3] , i.e. at 21.398 eV and 24.05 eV successively.
The valence and 3s Rydberg transitions (see Figs. 2 and 5)
This photon energy range is represented in Fig. 1 by range (a) .
The typical ethylenic broad band is observed in 1,1-C 2 H 2 F 2 with a maximum at 7.52 eV. Contrary to the observations made in the PAS of C 2 H 4 and C 2 H 3 F [1], the vibrational structure consists essentially of broad but structured peaks. Only the first broad peak at 6.742 eV seems to be structureless and on the high energy side of the major band two weak but sharp features appear, having the characteristic aspect of Rydberg transitions. The comparison of the same band in three different related compounds, i.e. 
Fig. 2. VUV photoabsorption spectrum of 1,1-C 2 H 2 F 2 between 6 eV and 8.2 eV photon energy: (a) molecular extinction coefficient ε hv ; vertical bars show the valence (V) π(2b 1 ) → ν( 1 π*, 3 π*) and the transitions to the 3s Rydberg series. Only the even quanta v are indicated, (b) ∆-plot as a function of the photon energy (eV); the first band of the HeI-PES of 1,1-C 2 H 2 F 2 is inserted.
Comparing the three compounds, the measurement of the peak maximum is not very significant because of the important changes of the fine structure in each band. More valuable is the measured or estimated adiabatic excitation energy. As shown in Fig. 5 (b) the π → 3s Rydberg transition shows a red shift when the substituting halogen atom becomes heavier, i.e. in the order H > F > Cl > Br as resulting from our previous investigations [1, 13, 20] . As shown in the same figure the π → π*(V) transition exhibits a much larger red shift. Owing to the resulting smaller overlap of the π*(V) and the 3sR states, the Valence-to-Rydberg interaction invoked for the interpretation of the 7.6 eV peak in C 2 H 4 is expected to decrease following the same sequence.
With these observations and considering the first peak at 6.742 eV in the 7.52 eV band in 1,1-C 2 H 2 F 2 , we assigned it to the adiabatic excitation energy of the π(2b 1 ) → π*(V) transition. This assignment fits in the trend of the red shift of the adiabatic excitation energy of the π → π*(V) transition by increasing the number of identical substituting atoms C 2 H 4 > C 2 H 3 F > 1,1-C 2 H 2 F 2 (see Fig. 5 (a)). Table 1 and Fig. 2 show the vibrational analysis of the excited π*(V) state. Essentially one vibrational progression is detected with hcω 1 = 183 ± 10 meV (1475 ± 80 cm -1 ). This vibration is combined with one quantum of a vibrational mode with hcω 2 = 121 ± 3 meV (976 ± 24 cm -1 ).
In order to assign these two energies to clearly identified vibrational modes of the excited molecule, we have to compare them with those observed for the ground states of the neutral [21] and the cation [3] . As a result, three wavenumbers have to be considered: 1730 cm -1 , 1354 cm -1 and 916 cm -1 in the case of the neutral molecule and 1573 cm -1 , 1438 cm -1 and 895 cm -1 in the cation and corresponding for both species to v 2 (C=C stretching), v 3 (H-C-H bending) and v 4 (C-F and C=C stretching). Considering the MO involved in the excitation, the wavenumber of 1475 ± 80 cm -1 is assigned to v 2 whereas 976 ± 24 cm -1 could unambiguously be assigned to v 4 on the basis of the same argument. The assignments are listed in Table 1 .
The two weak but sharp structures at 7.909 eV and 8.095 eV located at the end of the vibrational progression of the (2b 1 ) 1 (π*) 1 state appear as typical Rydberg transitions. Their assignment to the 2b 1 → 3p transition [4, 7] is discarded. This type of transition is usually much stronger if not one of the strongest transitions in the vacuum UV-PAS. As already suggested earlier [2] , it can reasonably be assumed that the geometry of states belonging to a given Rydberg series is close to that of the cationic state to which it converges. This implies that its vibrational structure is expected to be close to that of the cation. This similarity could be helpful to disentangle the vibrational fine structure belonging to the π(2b 1 )→3s transition. To make the comparison easier the ∆-plot of the appropriate PAS energy range will be compared to the HeI-PES of the 1,1-C 2 H 2 F 2 + (X 2 B 1 ) state as measured in our laboratory [3] . The result is shown in Fig. 2(b) which not only enhances the weak structures but also the structures in each separate peak. Obviously the first peak is structureless. [7] (1 eV = 8 065.545 cm -1 [19] ). This work [7] Beside the π → π* transition and its vibrational excitation, obviously another vibrational progression is present in the 7.52 eV band. Fitting the Hel-PES on the last narrow peaks, the result of this comparison is displayed in Fig. 2(b) . The position in energy of the structures is drawn in Fig. 2(a) and the values are listed in Table 1 . From this procedure an adiabatic excitation energy EE ad = 6.957 eV is deduced and assigned to the 3s Rydberg transition, instead of the value 6.747 eV reported previously [4, 7] . The energy onset at 6.742 eV measured in the present work is assigned to the EE ad (π*) state. Furthermore, the major vibrational progression in the Rydberg transition is characterized by a wavenumber ω 2 = 1532 ± 80 cm -1 (190 ± 10 meV) which is assigned to the C=C, C-F stretching vibration [3] . As shown in Fig. 2 and in Table 1 in the last part of the band a few very weak structures could be ascribed to a smaller wavenumber ω A ≈ 605 cm -1 (75 meV) which is compatible with the v 5 vibration characterized by ω 5 = 532 ± 56 cm -1 [3] in the cation and 544 cm -1 [21] in the neutral molecule. The increase of v 2 from 1475 cm -1 in the π* state to 1532 cm -1 in the 3s-Rydberg state is related to the transition to an antibonding π* MO and to a virtual 3s MO respectively. Below 6.747 eV a very weak wavy background signal is detected. This structure does not appear in the spectrum as reported by Limao-Vieira et al. [7] , even though the signal-to-noise ratio is comparable. Different experimental conditions, in particular a lower transmission of the monochromator in this energy range, could account for this discrepancy. It should be emphasized that corresponding bands appear also with increasing intensity and blue shifted in other ethylene derivatives [22] . Furthermore, to the best of our knowledge Dauber and Brith [5] and Coggiola et al. [8] are the only previous works reporting about absorption of 1,1-C 2 H 2 F 2 below 6.0 eV. Only the latter group clearly showed the existence, by electron energy loss spectroscopy, of an absorption band at 4.63 eV extending from 3.8 eV to 6.5 eV. It was assigned to a π (2b 1 ) → 3 π*(T) transition. A fine structure could be observed (see Fig. 5 (a) in Ref. [8] ) but has not been mentioned or discussed by the authors. Though forbidden, but owing to its very low intensity as observed in this work, such a transition could be involved between 6.157 eV and 6.902 eV. However, an alternative assignment would be a π → σ* transition as observed [23] and predicted [24] in the C 2 H 2 Cl 2 isomers in about the same energy range.
As shown in Table 1 , starting at 6.157 eV and up to 6.902 eV, five peaks are detected with a decreasing interval of about 161 meV to 144 meV They could very likely be assigned to the v 3 H-C-H bending normal mode which has a wavenumber of 1354 cm -1 (168 meV) in the neutral molecule [21] and is not detected in the cation [3] . From the present data, this vibrational motion appears to be fairly anharmonic.
Valence (V)-Rydberg (R) mixing is expected between the π* and the 3s states. However, the two types of structures showing up in Fig. 2 differ clearly by their respective widths and intensities. This is particularly obvious for the vibrational structures at 7.909 eV and at 8.095 eV. As in the case of the corresponding transition in C 2 H 3 F at 7.6 eV [1], we suggest that V/R mixing is in this case also (or even more) limited so that a usual vibrational analysis is possible. In other words, the expansions of the mixed states on the basis of the pure V and R states are each dominated by a leading term so that it is reasonable to speak about a "Rydberg-like" and a "Valence π*-like" state. As shown in Table 1 , if the experimental results of the present work agree within the estimated error limits with those reported by Limao-Vieira et al. [7] their interpretation is quite different. These authors assigned the entire absorption band at 7.5 eV to the π(2b 1 ) → π*(V) transition only. The vibrational structure [7] is assigned to a long v 2 (C=C stretching) progression with an averaged wavenumber of 1476 ± 64 cm -1 (183 ± 8 meV) combined with either the v 4 normal mode at 782 ± 48 cm -1 (97 ± 6 meV) or with a combination of v 4 and v 8 with ω 8 = 960 ± 64 cm -1 (119 ± 8 meV).
The wavenumber of 1476 ± 64 cm -1 for v 2 [7] is in excellent agreement with the value at 1475 ± 80 cm -1 determined in the present work. Though the wavenumber of 960 ± 64 cm -1 [7] is in good agreement with 976 ± 24 cm -1 obtained in the present work, we assigned it to v 4 instead of v 8 [7] mainly for two convergent reasons: the v 4 mode (i) involves the C-F and C=C stretching as expected in a π(2b 1 ) → π*(V) excitation and (ii) it is a totally symmetric (a 1 ) mode whose excitation is allowed. Only those transitions involving even quantum numbers of the antisymmetric v 8 (b 2 ) mode would be allowed. Furthermore, in the present work, no evidence is found for the wavenumber at 782 ± 48 cm -1 but a few observations which can be related with a wavenumber of ω A ≈ 605 cnr 1 (75 meV) have been mentioned above and were assigned to v 5 which has a 1 symmetry. [4, 7] . Conversion factor 1 eV = 8065.545 eV [19] .
This work [4] 
The Rydberg transitions
As shown in Fig. 1 the high photon energy region ranging from 8.2 eV to 25.0 eV is clearly divided in two parts: (b) the low-energy range extending from 8.2 eV to 11.2 eV consisting of an abundant strong to weak very sharp fine structure (Fig. 3) and (c) the high-energy range spread from 11.2 eV to 25 eV made of fairly strong and broad bands with additional more or less regular fine structure (see Fig. 4 ).
The simplest model which can be tested to disentangle a complex spectrum as shown in Fig. 1 , is to neglect the perturbations between Rydberg series, that is, to use the Rydberg formula (1) and fit it to the energy position E Ryd of the features: where the R is the Rydberg constant R = 13.606 eV [19] , δ is the quantum defect, n* is the effective quantum number and IE is the ionization limit to which the considered Rydberg series converges.
The successive ionization energies IE to be used in this work have been defined earlier in this section and are inserted in Figs. 1, 3 and 4 . The fine structure mostly observed in the low-energy part (b) of the spectrum will be assigned to vibrational excitation associated with the successive Rydberg series. Robin [25] made a critical and extensive review of the analyses of Rydberg transitions and proposed rules and guidelines for assignments. Fig. 3(a)-(c) ) This photon energy range is represented by the range (b) in Fig. 1 and could be directly compared to the spectral data of Limao-Vieira et al. [7] available on the website referred to in Ref. [20] with respect to the intensity and the spectral resolution.
Rydberg transitions between 8.2 eV and 11.2 eV (see
Electronic transitions.
The vibrationless Rydberg transitions observed for 1,1-C 2 H 2 F 2 between 8.2 eV and 11.2 eV are partly shown in Fig. 3(a-c) . To avoid overcrowding of this figure the higher terms of the various Rydberg series are not represented. Therefore, the Rydberg transitions observed in the present work have been listed in Table 3 together with their quantum defects. In the same table two previous data sets are included for comparison [4, 7] . Their assignments have been reproduced implicitly. As mentioned earlier (see Section 2.2) the estimated error on the measurements in the present spectrum is about 2 meV or 16 cm -1 . No error estimation is provided by Bélanger and Sandorfy [4] and by Limao-Vieira et al. [7] . For the assignments reported in the present work the adiabatic ionization energy value IE ad (1,1-C 2 H 2 F 2 ,X 2 B 1 ) = (10.298 ± 0.001) eV [3] has been used.
A first 2b 1 → ns Rydberg series (corresponding to the nR series in [4] ) is observed up to n = 7 with an average quantum defect δ = 0.98 ± 0.04. Bélanger and Sandorfy [4] reported δ = 0.90, using IE ad = 10.300 eV as reported by Lake and Thompson [26] , and observed the series up to n = 10. Limao-Vieira et al. [7] deduced a quantum defect δ = 0.94 ± 0.09 as based on the same value of the convergence limit. Between the previous works and present one the main difference is the assignment of the 2b 1 → 3s transition and discussed in the last part of Section 4.1.
Following the long 3s Rydberg series progression, the first relatively strong transition is observed at 8.213 eV. It has been assigned to the 2b 1 → 3p Rydberg transition with an effective quantum number n* = 2.533. On this basis a short series of Rydberg transitions has been observed up to n = 7 with an average quantum defect δ = 0.50 ± 0.03 close to the characteristic "atomic" value for the p-type Rydberg orbital. This δ value can be compared with the δ = 0.49 determined for the nR' series transitions observed by Bélanger and Sandorfy [4] . Limao-Vieira et al. [7] observed a series of Rydberg transitions assigned to 2b 1 → npλ up to n = 8 with an averaged value δ = 0.58 ± 0.03. In this series only the energy position of the last three members agree within the error limits with those measured in the present work because we adopted 8.213 eV as the vibrationless 2b 1 → 3p transition.
Starting at 8.396 eV a second series of Rydberg transitions has been observed which are characterized by an averaged quantum defect δ = 0.31(3) ± 0.01 (6) . The first member of this series has an effective quantum number n* = 2.674. These values would point at a p-character of the involved Rydberg orbital with expected δ value ranging from 0.4 to 0.6 [25, 27] . As the core contains less orbitals with π symmetry than with σ symmetry, it is reasonable to expect that π Rydberg orbitals interact less with the ionic core and are therefore characterized by a smaller quantum defect. On the basis of this argument we assigned this series to 2b 1 → nρπ whereas the lower energy series is ascribed to 2b 1 → npσ Rydberg transitions. This series of Rydberg transitions have not been mentioned in previous studies of the vacuum UV spectrum of 1,1-C 2 H 2 F 2 . Such different p-type Rydberg transitions have been observed earlier in C 2 H 3 Br [13] and in the methyl monohalides CH 3 X (X= Cl, Br and I) [28] . At 8.660 eV a new Rydberg series starts and is characterized by n* = 2.882, i.e. by a low value of the quantum defect. This series is observed in this work up to n = 8 with an averaged quantum defect δ = 0.13 ± 0.02 which is a typical value for nd-type Rydberg transitions. This series should correspond to the nR" Rydberg transitions in the work of Bélanger and Sandorfy [4] who reported a quantum defect δ = 0.2 and observed the series up to n = 6.
Limao-Vieira et al. [7] mention two nd-type Rydberg transitions. The ndπ series starts at 8.604 eV and is observed up to n = 10 whereas an ndδ-type Rydberg series starts at 8.866 eV and is observed up to n = 4. For the former an averaged quantum defect δ = 0.20 ± 0.05 whereas for the latter an averaged δ ≈ -0.08 are reported [7] . In the present work clearly a Rydberg series is starting at 8.769 eV. Members of this nd series are observed up to n = 6 with an averaged quantum defect δ = 0.044 ± 0.03. This series is designated by ndπ whereas the former series starting at 8.660 eV by ndσ by arguing that ndσ should have a larger quantum defect than ndπ because the number of occupied σ orbitals in the core is larger than the number of π orbitals. 
Vibrational analysis.
Beside the vibrationless electronic transitions the majority of the most intense features in the 1,1-C 2 H 2 F 2 PAS between 8.2 eV and 11.2 eV are not assigned. Owing to the n -3 intensity law the rather weak electronic members of higher principal quantum number n of the successive Rydberg series become difficult to detect. The vibrational transitions associated with the low n Rydberg states are characterized by a Franck-Condon distribution and can dominate the spectrum.
To disentangle this spectrum we shall rely on the assumption [25] that the vibrational structure of states belonging to Rydberg series is similar to that of the cationic state to which it converges. This hypothesis, which neglects perturbations due to Rydberg-Rydberg interactions, has been used successfully for the interpretation of the vacuum UV spectra of the methyl halides [28] and more recently of C 2 H 3 F [1] . The vibrationless convergence limit of all the Rydberg states involved between 8.2 eV and 11.2 eV is IE ad (1,1-C 2 H 2 F 2 + ,X 2 B 1 ) = (10.298 ±0.001) eV [3] . The cationic vibrational structure results from the excitation of three normal modes [3] . However, about 95% of the available intensity is distributed over the C=C stretching mode v 2 + . Therefore, the HeI-PES band related to the X 2 B 1 is "diatomic like" (see Fig. 2(b) ). For the purpose of the decomposition of the PAS we use this HeI-PES spectrum which is translated and positioned with reference to the successive vibrationless Rydberg transitions.
The result of this procedure is represented in Fig. 3(a) -(c) and the energy positions and assignments are summarized in Table 2 . In the same table the energy positions observed in the present work are compared to those reported by Limao-Vieira et al. [7] . For each Rydberg state the vibrational structure is assigned and the averaged values of the associated wavenumbers are tabulated.
Using this tool a first important confirmation is that the 2b 1 → 3p Rydberg transition has to start at 8.213 eV as proposed in Section 4.2.1.1. The argument is that assuming that the transition starts at 7.912 eV as postulated in [4, 7] leads to no correlation in either energy or intensity between the PAS and the Hel-PES. The same conclusion applies for the weak peak at 8.096 eV.
Except for the 2b 1 → 3s Rydberg transition, for which a long v 2 progression is observed, no vibrational structure for higher ns-Rydberg members could be detected.
From the data displayed in Table 2 These values have to be compared with the vibrational analysis proposed by Limao-Vieira et al. [7] , i.e. It has also to be mentioned that several energies are listed in Table 2 in square brackets meaning that the same signal has been assigned to several (at least two) energies. In many cases the discrepancy of local intensities between the reference PES spectrum and the PAS is accounted for by the sum of two or more overlapping contributions.
The fact that the experimental data could be satisfactorily analyzed using the simple Rydberg formula and assuming the same vibrational structure as in the corresponding ionic states indicates a posteriori that perturbations arising due to Rydberg-Rydberg or Rydberg-continuum interactions are small enough so that their influence on the energy positions could not be detected at the resolution reached in our spectra.
Rydberg transitions between 11.2 eV and 25.0 eV (see Figs. 1 and 4)
This photon energy range is represented in Fig. 1 by range (c) . It consists of several strong bands with well defined maxima, shoulders and broad and weaker bands superimposed on a continuum of increasing intensity. The energy positions, assignments and comparison with literature values obtained by photoionization mass spectrometry [6] and electron impact spectroscopy [8] are listed in Table 4 and partly included in Fig. 1 .
The PAS as observed in the photon energy range of 10-16 eV is represented in Fig. 4(a) on an expanded energy scale. Obviously this spectrum shows numerous substructures. A first rough picture using the maxima of the bands allows us to assign the structures between 12.224 eV and 13.454 eV to Rydberg states converging to the A 2 B 2 ionic state at IE ad = 14.090 ± 0.005 eV [3] whereas at energies higher than 14.786 eV the convergence limit should be the B 2 A 1 ionic state at IE ad = 15.40 eV [3] . The effective quantum numbers are successively n* = 2.69, 3.61 and 4.64 for the former group and 3.65 for the latter. These values clearly point to p-type Rydberg states. However, for the transition starting at 12.224 eV an effective quantum number n* = 2.007 is also determined when the convergence limit at 15.4 eV [3] is considered. This hypothesis could not be discarded. The main argument pleading for the p-type Rydberg states is the fairly good convergence between the shifted photoelectron spectrum and the ∆-plot of the PAS (see Fig. 4(b) ), as explained below.
In an attempt to interpret this part of the PAS, the subtraction method is applied in a first step (see Section 2.2). The resulting ∆-plot is obtained and shown in Fig. 4(b) . In a second step the appropriate HeI-PES band of the cationic state is used, to which the considered Rydberg state(s) converge(s). As already mentioned earlier, the vibrationless transition of this "stencil" spectrum is translated to make it coincide with each vibrationless transition of the successive Rydberg states. The sum of these successive contributions could simulate qualitatively the ∆-plot. The result of this operation is shown in Fig. 4(b) and directly compared with the ∆-plot of the PAS. The reasonable qualitative agreement between the simulated (SIM) and the absorption spectrum (PAS) indicates that a 2b 2 → np-Rydberg series (n = 3-7) is observed and converges to the A 2 B 2 ionic state of 1,1 -C 2 H 2 F 2 + .
As in this spectral region medium intensity or weak structures are superimposed on a relatively intense continuum, Rydberg-ionization continuum interactions might be invoked, leading to Fano-profiles [29] , which would make the subtraction procedure leading to the ∆-plots problematic. The large background results, however, from the contribution of many different ionization continua opened in this energy range and associated with the different electronic and vibrational ionic states. It is expected that all Rydberg states do not interact with the same strength with these various continua. In our work on the constant-ion-state (CIS) spectra [3] , we observe that the latter show a similar shape for nearly all ionic states and are nearly structureless. Only the CIScurves for the ground ionic state show a different behavior. We concluded by stating that only resonant (emission of zero-kinetic-energy electrons) is substantial in this system, so that a given Rydberg state interacts only with a very specific ionization continuum. High q-parameter and Lorentzian profiles are then expected.
On the other hand, from a technical data handling point of view now, it is very unlikely that the data handling procedure leading to the ∆-plots erases a Fano-profile. If a Fano-profile is present, the described procedure (see Section 2.2) which consists in obtaining a "pure" background by strongly smoothing the original spectrum should get rid, in this background and only in it, of the oscillations associated with medium q Fanoprofiles. When this completely smoothed background is then subtracted from the original spectrum to enhance the present discrete structures, then the oscillations should reappear even more clearly, making the detection of Fano-profiles even more straightforward. Marmet [17] and Carbonneau [18] have highlighted Fano-profiles in this way many years ago. We are confident that Fano-profiles would have been highlighted in the ∆-plots, would they have been present in the original spectra.
The above mentioned procedure allowed us to analyze in detail the vibrational structure. The energy positions and the assignments are listed in Table 4 . One vibrational wavenumber could be determined, i.e. ω 3 = 1 145 ±88 cm -1 (142 ± 11 meV) in 3p, 1081 cm -1 (134 meV) in 4p and 1137 ± 120 cm -1 (141 ± 15 meV) in 5p Rydberg states. These values are close but higher than 1 077 cm -1 (133 meV) determined for v 3 in the A 2 B 2 ionic state [3] where it corresponds to the H-C-H bending vibration. With less certainty, a second wavenumber is identified with ω 5 = 411 ± 40 cm -1 (51 ± 5 meV). It is comparable but lower than the value of ω 5 = 532 cm -1 determined for the A 2 B 2 ionic state [3] and has been assigned to an F-C-F bending vibration.
Using the same procedure between 15.07 eV and 15.70 eV a very weak structure is observed and assigned to vibrational excitation as shown in Table 4 . The 8a 1 → 5p Rydberg transition should be involved together with the excitation of the v 4 vibrational mode with a wavenumber ω 4 ≈ 970 cm -1 which could be correlated with the value of 839 ± 32 cm -1 determined in the B 2 A 1 excited state of the cation 1,1-C 2 H 2 F 2 + where it has been assigned to the C-F/C=C stretching [3] .
Above 16 eV, the observed features could be assigned to Rydberg electronic transitions as shown in Table 4 . The 7a 1 → np and the 3b 2 → np transitions dominate. This observation is in agreement with our earlier remark concerning the larger intensity of np-type with respect to ns-type transitions [1, 13, 28] .
The features recorded in the absorbance spectrum obtained by using the gold diode detector agree fairly well with that observed using the photomultiplier. However, in the former the high energy bands are detected more efficiently, particularly above 18 eV. In this energy range Rydberg transitions from the 6a 1 and 5a 1 MO's may be involved.
Conclusions
The measurement of the VUV photoabsorption spectrum of 1,1-C 2 H 2 F 2 at improved resolution by using synchrotron radiation enabled us to extend for the first time the data above the 10.5 eV photon energy limit, i.e., from 10.5 eV to 25 eV. Contrarily to the usual broad and strong bands observed in the high energy range several peaks show vibrational structures for which assignments have been proposed.
Valence-valence (2b 1 → n*) as well as valence-Rydberg (2b 1 → 3s) transitions are involved at the low energy part of the spectrum, i.e. between 6 eV and 8 eV. The vibrational structure has been interpreted in both states. A comparison is made with previous assignments proposed for the same transitions in C 2 H 4 , C 2 H 3 F [1], C 2 H 3 Cl [20] and C 2 H 3 Br [13] .
In the 8.2-11.2 eV intermediate photon energy range, the abundant fine structure has been assigned to vibronic Rydberg transitions, i.e., 2b 1 → ns (n = 3-7), npσ and npπ (n = 3-7 and 3-8) and ndσ and ndπ (n = 3-8 and 3-6) have been identified. All involved Rydberg states converge to the 1,1-C 2 H 2 F 2 + (X 2 B 1 ) ground ionic state. The vibrational fine structure associated with these transitions has been analyzed based on the first band of the 1,1-C 2 H 2 F 2 HeI-PES results [3] . This procedure allowed us to assign the observed structure to three vibrational modes (and their harmonics and combination) ω 2 = 1549 cm -1 (C=C and C-F stretching), ω 4 = 839 cm -1 (C-F symmetric stretch, C=C stretching) and ω 5 = 589 cm -1 (F-C-F bending).
